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ABSTRACT

Context. In the single-degenerate (SD) scenario of type Ia supernovae (SNe Ia) the non-degenerate companion star survives the
supernova (SN) explosion and thus should be visible near the center of the SN remnant and may show some unusual features.
Therefore, a promising approach to test progenitor models of SNe Ia is to search for the companion star in historical SN remnants.
Aims. Here we present the results of three-dimensional (3D) hydrodynamics simulations of the interaction between the SN Ia blast
wave and a main-sequence companion taking into consideration its orbital motion and spin. The primary goal of this work is to
investigate the rotation of surviving companion stars after SN la explosions in the WD+MS scenario.

Methods. We used Eggleton’s stellar evolution code including the optically thick accretion wind model to obtain realistic models of
companion stars. The impact of the supernova blast wave on these companion stars was followed in 3D hydrodynamic simulations
employing the smoothed particle hydrodynamics (SPH) code GADGETS3.

Results. We find that the rotation of the companion star does not significantly affect the amount of stripped mass and the kick velocity
caused by the SN impact. However, in our simulations, the rotational velocity of the companion star is significantly reduced to about
14% to 32% of its pre-explosion value due to the expansion of the companion and because 55%—89% of the initial angular momentum
is carried away by the stripped matter.

Conclusions. Compared with the observed rotational velocity of the presumed companion star of Tycho’s supernova, Tycho G, of
~6 kms™!, the final rotational velocity we obtain in our simulations is still higher by at least a factor of two. Whether this difference
is significant and may cast doubts on the suggestion that Tycho G is the companion of SN 1572 has to be investigated in future
studies. Based on binary population synthesis results, we present for the first time the expected distribution of rotational velocities of
companion stars after the SN explosion, which may provide useful information for the identification of the surviving companion in

observational searches in other historical SN remnants.
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1. Introduction

Type Ia SNe (SNe Ia) are used as cosmic distance indicators be-
cause their luminosity can be calibrated based on the empirical
relation between light curve shape and peak luminosity (Phillips
1993; Phillips et al. 1999). This has provided the first evidence
for the accelerating expansion of the present Universe (Riess
et al. 1998; Perlmutter et al. 1999; Leibundgut 2008). SNe Ia are
also believed to be important contributors to the cosmic nucle-
osynthesis, and they are sources of kinetic energy in evolution
process of galaxies. Although a detailed understanding of the
nature of their progenitors and the physics of explosion is still
lacking (see Hillebrandt & Niemeyer 2000 for a review), there
is consensus that SNe Ia arise from thermonuclear explosions
of carbon/oxygen white dwarfs (CO WDs) in binary systems
(Hoyle & Fowler 1960; Nomoto et al. 1997).

Article published by EDP Sciences

In principle, there are various possibilities for the evolution
toward an explosion (see Wang & Han 2012 for a review). One
option is a merger of two CO WDs with a combined mass in ex-
cess of the Chandrasekhar mass, which may explode as an SN Ia,
the double-degenerate (DD) scenario (Iben & Tutukov 1984;
Webbink 1984). The DD model can explain in a natural way
the lack of hydrogen in SNe Ia. However, only a few DD sys-
tems have been found whose orbital period is short enough that
they will merge within a Hubble time, but in none of them the
combined mass exceeds the Chandrasekhar mass limit. On the
other hand, in recent numerical simulations of Pakmor et al.
(2010, 2011) it was found that the violent merger of a pair of
white dwarfs with equal masses of ~0.9 M, can directly trigger
a thermonuclear explosion that resembles subluminous 1991bg-
like SNe Ia. Moreover, it was shown that the violent merger
of two CO WDs with masses of 0.9 Mg and 1.1 Mg produces
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lightcurves and spectra that agree well with those of normal
SNe Ia (Pakmor et al. 2012b), supporting the DD scenario.

On the other hand, a rather massive WD may accrete
hydrogen-rich material from a non-degenerate binary compan-
ion until it approaches the Chandrasekhar mass, the single-
degenerate (SD) scenario. In this case, the binary compan-
ion could be a main-sequence (MS) star (WD+MS channel),
a slightly evolved subgiant star, or a red-giant (RG) star (Han
& Podsiadlowski 2004; Wang & Han 2010b). The lack of hy-
drogen in observed SN Ia spectra can be seen as troublesome
for the SD scenario because the companions are hydrogen-
rich stars. With more realistic MS companion star models than
those used in previous work, Liu et al. (2012) performed three-
dimensional (3D) smooth particle hydrodynamics (SPH) simu-
lations of the interaction between SN Ia ejecta and the MS com-
panion star. The authors found that in all cases they considered,
more than 0.1 Mg, was stripped from the hydrogen-rich compan-
ion and was mixed into the SN ejecta, which disagrees with most
recent observational constraints on the presence of hydrogen in
SN Ia from nebular spectra ~0.01 M, (Leonard 2007; Shappee
et al. 2013). Moreover, no other similar hydrodynamics simu-
lations showed an amount of stripped mass below this strong
observational limit (see Marietta et al. 2000; Pakmor et al. 2008;
Pan et al. 2010; Ricker et al. 2010; Pan et al. 2012b). On the other
hand, there is evidence from observations that the progenitors of
at least some SNe Ia come from the SD channel. For instance,
evidence for circumstellar matter and features indicative for an
interaction between the SN and circumstellar matter were found
recently (Patat et al. 2007; Sternberg et al. 2011; Foley et al.
2012; Dilday et al. 2012).

The merger of two WDs leaves no remnant after an SN Ia ex-
plosion. In contrast, in the SD scenario the companion star sur-
vives the explosion and, in principle, can be identified due to
its peculiar spatial velocity, its rotation, effective temperature,
luminosity, or composition (Han 2008; Wang & Han 2010a).
Therefore, it is a promising approach to test the progenitors of
SNe Ia by directly searching for the surviving companion star in
galactic SN remnants (SNRs). There are several ways in which
the SN blast wave modifies the properties of the companion.
First, the SN strips off matter from the surface of the compan-
ion and injects thermal energy into it during the interaction. This
causes the surviving companion to expand and lowers its sur-
face gravity. Secondly, after the impact the companion star’s
surface will be enriched with heavy elements (e.g., Ni, Fe or
Ca) from the inner part of the SN ejecta, which should be de-
tectable in its spectrum (see Gonzdlez Hernandez et al. 2009;
Pan et al. 2012a,b). Finally, the companion star retains its pre-
explosion orbital velocity after the explosion, which gives it a
peculiar velocity compared to other stars in the vicinity.

Tycho Brahe’s SN 1572 is an SN Ia that exploded in the
Milky Way. Ruiz-Lapuente et al. (2004) have analyzed the stars
within a circle of 0.65 arcmin radius of the center of the SNR
up to an apparent visual magnitude V = 22. They found a star,
Tycho G, similar to the Sun in surface temperature and luminos-
ity, but with a lower surface gravity than an MS star. It has a sig-
nificant peculiar velocity in radial and proper motion and moves
at more than three times the mean velocity of the other stars in
the field. Therefore, they suggested that Tycho G star could be
the surviving companion star of SN 1572. However, since then it
has been noted that Tycho G does not show any spectral peculiar-
ities (Thara et al. 2007) and that it is apparently not out of thermal
equilibrium (Howell 2011). Fuhrmann (2005) also claimed that
it might be a thick-disk star coincidentally passing in the vicinity
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of the remnant of SN 1572. Recently, Gonzdlez Hernandez et al.
(2009) found that Tycho G has an overabundance of Ni rela-
tive to normal metal-rich stars, and they suggested that Tycho G
could have captured the low-velocity tail of the SN 1572 ejecta,
which upholds Tycho G as a surviving companion star again.
However, the measured [Ni/Fe] ratio from a more recent study
of Kerzendorf et al. (2012) seems to be not so unusual with
respect to field stars with the same metallicity.

Because of the strong tidal coupling of a Roche-lobe filling
donor in the SD case, the donor star rotation is expected to be
tidally locked to its orbital motion. This forces the binary donor
star to have a spin corresponding to the orbital frequency of the
binary system (Han & Podsiadlowski 2004; Kerzendorf et al.
2009). After the SN explosion, the companion is released from
its orbit and continues to rotate. Therefore, fast post-explosion
rotation might be a signature of the donor star. The survivor
could be in rapid rotation, which would be easily measurable
(see Kerzendorf et al. 2009, 2012). With the HIRES instrument
on the Keck-I telescope and with Subaru high-resolution spec-
troscopy of star G in the Tycho SNR, Kerzendorf et al. (2009,
2012) measured the rotational velocity of Tycho G and obtained
only ~6 + 1.5 km s~!. Thus, they concluded that Tycho G is un-
likely to be the surviving companion star of SN 1572 because it
does not have the expected high rotational velocity (Kerzendorf
et al. 2009; Howell 2011). However, the impact of the SN ejecta
strips off material from the surface of the companion star, which
can significantly reduce its angular momentum, thereby lower-
ing the rotational velocity. Moreover, the SN impact and heating
bloat the companion star, which will also slow down its spin.
Recently, Pan et al. (2012a) computed the post-impact evolution
of the remnant star produced in their multi-dimensional adaptive
mesh refinement simulations of WD+MS-like models with the
FLASH code (Pan et al. 2012b). In line with the arguments given
above, they concluded that Tycho G cannot be eliminated as be-
ing a promising progenitor candidate based on its low rotational
surface velocity only (Pan et al. 2012a).

In this paper, we present the results of 3D SPH simulations
of the impact of SN Ia ejecta on an MS companion star includ-
ing the orbital motion and spin of the companion. The purpose of
the work is to investigate how the SN Ia impact changes the rota-
tion rate of the companion, which will be useful for identifying
the surviving companion star in SNRs. The paper is organized
as follows. In Sect. 2, we describe the codes used and show an
example of the initial companion star models used in our simula-
tions. In Sect. 3 the effect of rotation on the interaction between
SN Ia ejecta and its MS companion are discussed. Post-impact
rotation features of an MS star are shown in detail in Sect. 4.
Furthermore, the results of our simulations are compared with
the observed rotation of star Tycho G in Sect. 5. Next in Sect. 6,
we discuss the distribution of the rotational velocities of the rem-
nant stars after thermal equilibrium is reestablished. Finally, in
Sect. 7, we summarize our results.

2. Numerical method and model
2.1. Numerical codes and initial setup

To obtain consistent MS companion star models at the onset of
the SN explosion, similar to Liu et al. (2012), we used Eggleton’s
one-dimensional (1D) stellar evolution code (Eggleton 1971,
1972, 1973) to follow the binary evolution of an SD progen-
itor system in detail. Roche-lobe overflow (RLOF) is treated
in the code as described by Han & Podsiadlowski (2004). The
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opacity tables used in our calculations were compiled by Chen
& Tout (2007) from Iglesias & Rogers (1996) and Alexander
& Ferguson (1994). We used a typical population I composi-
tion with hydrogen abundance X = 0.70, helium abundance
Y = 0.28, and metallicity Z = 0.02. We set @« = [/Hp, the ra-
tio of mixing length to the local pressure scale height, to 2 and
set the convective overshooting parameter d,y to 0.12 (Pols et al.
1997; Schroder et al. 1997), which roughly corresponds to an
overshooting length of ~0.25 pressure scale height.

Furthermore, the latest version of the SPH code GADGET-3
(Springel et al. 2001; Springel 2005) was employed to simulate
the impact of SN Ia explosions on their MS companions by in-
cluding the orbital and spin velocities of companion stars. The
GADGET code was originally used for cosmological simula-
tions, but it has been modified to make it applicable to stellar
astrophysics problems (see Pakmor et al. 2012a) and it has been
used successfully to capture the main dynamical effects of the
SN impact on its companion star (see Pakmor et al. 2008; Liu
et al. 2012). In our simulations, we aim at determining the rota-
tional velocity of the companion star after the impact. Therefore
the fact that no matter leaves the computational domain and
that momentum, energy, and angular momentum are strictly con-
served are a crucial advantage of SPH over grid-based methods
for the problem under investigation.

In this work, the basic setup for the GADGET code is al-
most the same as in Liu et al. (2012). The smoothing length
was chosen such that a sphere of its radius encloses 60 neigh-
boring particles. All particles have the same mass. The gravita-
tional softening length is equal to the smoothing length. To re-
duce numerical noise introduced by mapping the initial model,
the MS companion star was relaxed for 1.0 x 10*s (several dy-
namical timescales) before we started the actual impact simula-
tion. The W7 SN Ia model (Nomoto et al. 1984) was used for
the SN explosion, and the orbital separation was taken from the
1D consistent binary-evolution calculations.

Additionally, we assumed that the companion star co-rotates
with its orbit due to strong tidal interaction. Thus the spin pe-
riod of the companion star is locked with its orbital period.
Furthermore, the orbital and spin velocities of the compan-
ion stars were included in our impact simulations to study the
post-impact rotation rate of surviving star.

The system of coordinates was chosen as follows. We set
the x—y plane to be the orbital plane of the binary system and
assumed a circular orbit. The z-axis was chosen as the spin axis
of the companion, and the positive z-axis is the direction of the
angular momentum. Finally, we assumed that the companion star
rotates as a rigid body at the moment of the SN explosion.

2.2. Progenitor model

As in Liu et al. (2012) (see also Han & Podsiadlowski 2004,
Wang & Han 2010a), we started our 1D consistent binary calcu-
lation after formation of the WD+MS system, the mass trans-
fer then occurs through RLOF when the companion star fills
its Roche lobe. Instead of solving the stellar equations for the
WD star when we trace the detailed evolution of the companion
star, the optically thick wind model of Hachisu et al. (1999) was
adopted.

Figure 1 shows the evolution of a binary system with an
initial donor-star mass of Mi2 = 2.0 Mg, an initial mass of
the CO WD of M{ND = 0.8 Mg, and an initial orbital period

of log(P'/day) = 0.2. In this system, the companion star has
an orbital velocity of 138 km s~! at the moment of the SN Ia
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Fig. 1. Binary-evolution calculation of the MS_110 progenitor model.
In panel a), the solid, dashed, and dash-dotted curves show the mass-
transfer rate, M,, the mass-growth rate of the CO WD, Mco, and the
mass of the CO WD, Myp. In panel b), the evolutionary track of the
donor star is shown as a solid curve and the evolution of the orbital
period is shown as a dashed-dotted curve. The dotted vertical lines in
both panels and asterisks in panel b) indicate the position where the WD
explodes as an SN Ia.

explosion. Assuming that the rotation of companion is locked
with the orbital motion due to the strong tidal interaction, the ro-
tational velocity vy and its orbital velocity von2 Obey a simple
relation as follows (see also Kerzendorf et al. 2009):

M, + M»
Urot = Tlf(Q)Uorb,Z’ (D

where ¢ = M,/M,; is the mass ratio of the binary system
at the moment of the explosion, and f(g) is the ratio of the
Roche-lobe radius of companion star to the orbital separation
(Eggleton 1973). Therefore, we calculate the rotational velocity
of the companion star to be v5Y ~ 110km s™! at the time of the
explosion.

In this model, because hydrogen burning on the WD is un-
stable before the SN explosion, the system may be observed as
a U Sco-type recurrent nova (Hachisu et al. 2008; Meng & Yang
2010). With our consistent binary-evolution calculations, we ob-
tain a CO WD+MS progenitor that is similar to the U Sco binary
system with a mass of the secondary of 1.18 M and an orbital
period ~1 day (see Table 1). This model is named “MS_110", the
“MS” indicating a CO WD+MS binary system, the “110” means
the rotational velocity of the companion star of o3 ~ 110km s~
at the moment of the explosion. U Scorpii is one of the best-
observed recurrent novae, and it has been suggested as a pro-
genitor of an SN Ia because its white dwarf mass is close to
the Chandrasekhar mass (Hachisu et al. 2000; Thoroughgood
et al. 2001; Podsiadlowski 2003). To investigate the physical pa-
rameters of the recurrent nova, Hachisu et al. (2000) have suc-
cessfully modeled the theoretical light curve for the outburst of
the U Scorpii system with a model consisting of a WD mass of
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Table 1. SPH impact simulations for four different MS companion models.

Model name ~ M5 PN RN &SN N o ol Jssplfn J! pin Myouna

[Mo] [days] [Ro] [Ro] [kms'] [10° gem’s™"]  [Mo]
MS_160 1.21 029 093 255 160 52 98 294 1.31 1.04
MS_131 1.23 056 145 394 131 40 78 2.07 0.92 1.06
MS_110 1.18 0.91 1.97 539 110 25 46 225 0.62 0.95
MS_081 1.09 200 319 892 81 12 16 232 0.26 0.84

Notes. Here, M5, PSN, RSN, oSN, 03N,
companion star at the moment of the explosion. uf,, Jsfpi o

and JSSPTIT are the mass, the orbital period, the radius, the spin velocity, and the angular momentum of the
and My, denote the spin velocity, the angular momentum, and the total bound mass

of the companion star after the SN impact. vl is the rotational velocity at the surface after the thermal equilibrium is reestablished. Note that the

rotational velocity vSY
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10 R_sun

log density

10 R_sun

log density

™ is calculated by assuming that the rotation of the star is locked with the orbital motion due to tidal interactions.

(o]

log density

10 R_sun

log density

10 R_sun

log density

Fig. 2. Density distribution of the SN ejecta and the companion star of a non-rotating version of model MS_110. The color scale shows the
logarithm of the density. The plots are made using the freely available SPLASH tool (Price 2007).

Mwp = 1.37 Mg, a secondary mass of M, = 0.8—-2.0 M, and an
orbital inclination of ~80°.

3. Effects of rotation

Based on the system similar to U Sco (MS_110) that was dis-
cussed in Sect. 2.2, we performed a 3D SPH impact simula-
tion that included the spin velocity of v3Y = 110kms™!, and

the orbital velocity of v(s)ﬁiz = 138kms™! to study the effect

of asymmetry caused by the orbital motion and spin of the
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companion star. We used a total of 2 x 107 particles to represent
the companion star only (which corresponds to a total number
of particles in the simulation of ~4 x 107). All particles had the
same mass of 5.9 x 1078 M. The SN properties were taken from
the W7 explosion model (Nomoto et al. 1984) with an initial
orbital separation of 3.75 x 10" cm.

The temporal evolution of the spatial density distribution of
both the companion and the SN ejecta MS_110 model with and
without including the orbital motion and the rotational velocity
of the companion are shown in Figs. 2 and 3, respectively. Some
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Fig. 3. Same as Fig. 2, but including the orbital motion and the spin of the companion star. The color scale shows the logarithm of the density.
Some differences become visible at late times. The plots are made using the freely available SPLASH tool (Price 2007).

small morphological differences between the rotating and non-
rotating model are seen due to the symmetry-breaking effects of
orbital motion and rotation of the companions star (see Fig. 3).

At the end of the simulation, a mass of ~0.23 My (~19% of
the total companion mass) is stripped from the companion star
in the MS_110 model (see Fig. 4). The orbital motion and spin
of the companion star only leads to a ~2% larger unbound mass
(see Fig. 4), but basically the same kick velocity (~60kms™").
The result differs from what was reported by Pan et al. (2012b),
who found that 16% more mass can be stripped if the orbital
motion and spin is included. In Sect. 5, we again calculate the
amount of unbound mass for the model MS_160, which has a
higher rotational velocity of 160 kms™!, but still only a 4% dif-
ference is found. Moreover, we do not find that the rotation of
the companion star significantly affects the post-impact velocity
distribution of unbound material and SN Ia ejecta (see Fig. 5).
Most of the stripped hydrogen-rich material is confined and hid-
den close to the center of the SN ejecta. The detection of a hydro-
gen line may be possible only when the high velocity SN ejecta
becomes transparent.

To summarize, the main results (e.g., the unbound mass, the
kick velocity) are similar to our previous work (see Pakmor et al.
2008; Liu et al. 2012) even if the orbital and spin velocity of the
secondary are taken into account. This is not surprising, since
the orbital and spin velocity of the companion star are obviously
much lower than the typical values of the expansion velocity of

Unbound mass [ M
(=)
S

--- non—rotating model

— rotating model

0.0 0.2 0.4 0.6 0.8 1.0
Time [10* 5]

Fig. 4. Unbound mass from the time of explosion with (solid line) and
without (dotted line) the orbital rotation and spin of of the companion
star for model MS_110.

the SN Ia ejecta (~104 km s™!). Therefore, rotation cannot affect
the basic physics of interactions between the SN ejecta and the
companion star significantly.
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Fig. 5. Velocity distribution of stripped material that originally belonged to the companion star (left figure) and SN ejecta (right figure) for the

non-rotating (solid lines) and rotating (dashed lines) MS_110 model.

4. Post-impact rotation

In this section, we investigate how the SN Ia explosion affects the
rotation of the companion star in our SPH impact simulations by
using again the MS_110 model discussed in detail in Sect. 2.2
as a typical case.

4.1. Temporal evolution of the overall rotation

At the time of the SN explosion, the companion star is expected
to rotate rapidly at the same frequency as the binary system be-
cause of the strong tidal interaction during the RLOF phase.
After the SN impact, however, it is uncertain whether it is still
possible to use signatures of rapid rotation to single out can-
didates for donor stars. This depends on the total amount of
angular-momentum taken by the stripped material and extreme
expansion of the donor star due to SN ejecta heating.

By including the orbital motion and spin of the
MS_110 model, we investigate the total angular momen-
tum that can be carried away by the stripped mass, studying
the post-impact evolution of rotational velocity of the surviving
companion star. During the interaction, the collision of the SN Ia
ejecta brings the companion star out of thermal equilibrium.
Simultaneously, the spherical symmetry of the companion
star is also strongly affected, deforming the shape of the star
(the details of density evolution of a remnant star are shown
in Sect. 4.2). Therefore, it is difficult to determine the real
surface of a surviving companion star and to obtain its overall
rotational velocity after the SN impact. For this purpose, the
two following steps were taken to estimate the surface of the
surviving companion star in this work.

(a) We divided the surviving star into several hundred spherical
shells. The density of the SPH particles in each shell were av-
eraged to calculate a value for that shell. Next, if the density
fluctuation in a shell was too strong, it was ignored because
the very outer shells are very poorly resolved (SPH particles
in these shells are too rare to reasonably resolve the struc-
ture of the star). The density profiles of the MS_110 model
as a function of explosion time are shown in Fig. 6. At this
stage, we obtain the surface of surviving star at R;, where the
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Fig. 6. Density profile of the MS_110 model for different times af-
ter the SN explosion. The black solid line corresponds to the initial
density profile of the star at the moment of the explosion. All black
dashed lines from @ to ® show the radial density distribution of the
star (0.4,0.8 - - - 2.0) x 10* s after the impact in time intervals of 4000 s.

tangential velocity with regard to the initial rotation axis, the
z-axis, is v‘,}’l‘.

In Fig. 6, a sharp decrease in density is seen at the outer
layer of the surviving companion star. Here, we simply chose
the position Ry (~95% of R;) of the sharp density jump as
the real surface of the star (see the vertical dotted line in
Fig. 6). Furthermore, we took the rotation velocity v}é’z‘ at this
surface R, to denote the overall apparent rotational veloc-
ity of the surviving companion star v, (i.e., equatorial ro-
tational velocity). In Sect. 4.2 we show that the rotational
velocity does not change significantly in the outer parts of
the stellar envelope. The difference between vg" and v is
<5%. On the other hand, it is also difficult to determine
the exact position of the photosphere of the surviving com-
panion star. However, Fig. 6 shows that the density at the

(b)
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Fig. 7. Temporal evolution of some properties of the companion star after the SN impact in the MS_110 model. The black solid line corresponds
to the total bound mass of the companion star Myoung. The dashed curves show the temporal changes of the total angular momentum (J*"™), the
moment of inertia (/), the surface angular velocity (w), and the surface rotational velocity (v) of the companion star.

position R, is always higher than the lower density-limit of
the photosphere of the sun (~10~7 gcm™3). Therefore, using
the rotational velocity of the star vg’: to estimate its observed
rotational velocity should be a good approximation.

Figure 7 shows the temporal evolution of JP T, v and
Mpouna of the companion star in the impact simulation for the
MS_110 model. Here, J™, I, w, vror and Mpoung are the to-
tal angular momentum, the total moment of inertia, the an-
gular velocity and the rotational velocity at the equator, and
the bound mass of the companion star. In the MS_110 model,
the companion star has an initial total angular momentum of
2.25 x 10°° gcm?s! at the moment of the explosion. At the
end of the simulation, 0.23 My (~19% of the initial mass) are
stripped-oft due to the SN impact, carrying a spin angular mo-
mentum of 1.63x10°° g cm? s~ (~72% of that before the SN ex-
plosion). Therefore, the surface rotational velocity of the star
is significantly reduced to ~25kms~! from an initial rotational
velocity of ~110kms~!.

The SN impact takes away both mass and angular momen-
tum, which causes the total angular momentum of the compan-
ion star to decrease sharply. Therefore also the angular velocity
and the rotation velocity (see the dashed lines in Fig. 7) decrease
significantly. Furthermore, the total angular momentum stops
decreasing (see dashed line) as the amount of the stripped mass
(solid line) reaches a constant value after 5000 s, which was
shown in Fig. 7a. As the companion star is puffed up due to en-
ergy deposition from the impact of the SN ejecta, its outer layers
expand, remarkably increasing the moment of inertia of the star
(see Fig. 7b). This explains why the angular velocity continue to

decrease slowly after 5000 s (see dashed line in Fig. 7¢) although
there is no additional mass-loss and angular-momentum-loss at
this moment. However, this expansion does not reduce the rota-
tional velocity of the companion significantly, as is shown by the
dashed line in Fig. 7d.

4.2. Post-impact radial-velocity distribution in the companion
star

In our simulations, the initial rotation of the companion star was
set up as a rigid-body rotation, the rotation axis being the z-axis.
At the moment of the SN explosion, the companion star is spher-
ically symmetric, having the same angular velocity from the cen-
ter to the surface. Therefore, the rotational velocity increases lin-
early with radius (see right diagram on the top row of Fig. 8).

Figure 8 shows the density distribution (left column) and the
radial profiles of the angular velocity (solid curve) w and the ro-
tational velocity (dashed curve) vy of the surviving companion
star at different times after the explosion for the MS_110 model.
After the SN impact, heating by the SN ejecta puffs up the com-
panion star, causing its envelope to expand considerably. This
produces an object with a compact inner core and a low-density
outer layer (see left column in Fig. 8). The star starts to relax to-
ward a spherical state about 2 x 10*s after the impact. However,
the density in the outer layers varies by as much as a factor
of ~3 in different directions (see bottom row in Fig. 8), which
was also seen in previous simulations (see Marietta et al. 2000;
Pakmor et al. 2008; Liu et al. 2012). At this moment, however,
the sound crossing time is still longer than the time we follow
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